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Executive Summary

Considerable controversy surrounds published studies on the short- and long-term effects of
the Exxon Valdez oil spill (EVOS) on the pink salmon resources of Prince William Sound
(PWS). The Exxon Valdez oil spill, the largest spill in United States history, occurred in a
relatively pristine environment that was not compromised with other pollutants. Pink salmon
were the most valuable fishery in PWS before the spill, the most studied species before and after
the spill, and with their reproductive biology tied in large part to the intertidal “bathtub ring” of
oil, they were the species in which long-term spill impacts were most likely detectable. The
long-term impacts and the sensitivities to weathered oil found in a series of pink salmon studies
are unprecedented and controversial. These studies will change the scientific view of long-term
damage from oil spills and have significance far beyond understanding the long-term
consequences of the spill to PWS. This review focuses on the magjor differences between studies
funded by the Exxon Oil Company and Natural Resource Damage Assessment (NRDA) studies
and, where possible, attempts to reconcile conflicting results.

Short-term Effects on Fry in the Marine Environment

Short-term damage to pink salmon fry in PWS was observed by NRDA researchers, but not by
Exxon researchers. NRDA researchers concluded that fry entering and migrating through spill
areas were exposed to oil in 1989, that growth rates of oiled fry were depressed, and that the
population was reduced as aresult of the spill. Exposure to oil was evident in both wild and
hatchery fry; polynuclear aromatic hydrocarbon (PAH) concentrations in tissue were elevated,
cytochrome P4501A was induced, and oil globules were observed in fry stomachs. The principal
route of fry exposure was probably through ingestion of oil droplets rather than through
waterborne exposure. In contrast, Exxon researchers found no evidence of any impact of oil on
fry in 1989 and no evidence of population effects. Both Exxon and researchers for the Exxon
Vadez Oil Spill Trustee Council agreed that some nearshore habitats remained contaminated a
year after the spill; however, little oil was bioavailable to fry, and fry growth was not affected
significantly in 1990 or later.

Field Studies. Long-term Impacts on Embryosin Oiled Streams

In contrast to the short-term damage observed in pink salmon fry, long-term damage to
incubating embryos in PWS was observed by NRDA studies. Elevated embryo mortality in oiled
streams continued through 1993, 4 years after the spill, and was an unprecedented finding.
Continued mortalitiesin oiled streams, coupled with availability of oil in stream deltas,
demonstrated significant and persistent effects of oil. Elevated embryo mortality in oiled streams
through 1993, reproductive impairment in hatchery-incubated eggs from oiled streams, and the
confirmation of embryo sensitivitiesto PAH by laboratory study were strong evidence of
adverse long-term impacts on pink salmon. NRDA researchers hypothesized that high molecular
weight PAH in weathered oil leaches from oiled stream banks into salmon redds, providing a
mechanism for these long-term impacts. In contrast, Exxon researchers found no evidence of in-
stream oil or increased embryo mortality. Thereislittle possibility of reconciling two different
experimental designs.

Laboratory Studies: Long-term Effects on Embryos Exposed to Weathered Oil
Laboratory studies designed to emulate post-spill conditionsin PWS verified that embryos are

sensitive to long-term exposures to weathered oil in the low part per billion (ppb) range of PAH.
Mortalities, abnormalities, histopathological damage, and other biological effects increased with



embryo exposure to ppb concentrations of PAH. Delayed impacts on marine growth and survival
were measured in returning adults exposed as embryos to ppb concentrations of weathered oil,
further evidence that the embryo is vulnerable and sensitive. Sensitivity of salmon embryos to
weathered crude oil at ppb concentrations is unprecedented, but parallel laboratory study also
showed that Pacific herring (Clupea pallasi) embryos were similarly sensitive. These laboratory
tests have been criticized, but not replicated, by Exxon researchers.

Significance Relative to Prince William Sound

Both NRDA and Exxon researchers conclude that long-term damage in the pink salmon
population in PWS as awhole was not evident. The population collapse of 1992 and 1993 was
significant in PWS, but direct linkage to oil toxicity is unlikely. Long-term oil impacts at the
stream level were likely, but populations rebounded quickly, probably as aresult of the short 2-
year life cycle and the influence of strays.

Significance of Long-term Studiesto Urban Estuaries

Lessons from these studies have broad implications concerning the relationship of urban
estuaries to human-generated pollutants. Incubating embryos are sensitive to long-term
exposure to low-level PAH concentrations because they sequester toxic hydrocarbons from low-
level or intermittent exposuresin lipid stores for long periods, and because devel oping embryos
are highly susceptible to the toxic effects of pollutants. Weathered oil can be persistent,
biologically available for along period, and toxic to sensitive life stages. Urban runoff with low
ppb concentrations of PAH can damage the reproduction of aquatic fauna. In the absence of
further laboratory study with other fish species, the toxicity threshold of approximately 1 ppb
agueous PAH, derived from sensitive early-life stages of pink salmon and Pacific herring, should
be used to estimate risk. We recommend that government standards for dissolved aromatics
should be revised to reflect this threshold and adequately protect critical life stages and habitat.
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|. INTRODUCTION

The grounding of the T/V Exxon Valdez in Prince William Sound (PWS) on 24 March 1989
resulted in nearly 42 million liters (258,000 barrels) of crude oil being spilled, and the subsequent
oiling of hundreds of kilometers of PWS shoreline; it was the largest oil spill in United States
history. Damage attributed to the spilled oil was measured in severa fish species, including pink
salmon (Oncor hynchus gorbuscha) - the most valuable fishery in PWS before the spill and the
most-studied species before and after the spill. Estimation of short and long-term damage of the
spill to pink salmon differ greatly between researchers under contract to the United States
government Exxon Valdez Oil Spill Trustee Council (hereafter scientists funded by the Council
will be referred to as government researchers) and those under contract to Exxon Oil Company
researchers, thus fueling along-running dispute over the interpretation of the research. The
controversy stems from three sectors of research, each with unprecedented findings: 1) long-term
persistence of ail in spawning habitat, 2) elevated embryo mortalities in oiled spawning streams 4
years after the spill, and 3) the demonstration of sensitivities of embryos to part-per-billion (ppb)
concentrations of the toxic fraction of crude oil.

The suite of pink salmon studies demonstrated long-term impacts of the oil spill, which
are unprecedented, and they have altered our perception of oil-spill impacts. These studies are
important to the understanding of long-term impacts of the oil spill on Prince William Sound and
have, more importantly, implications for understanding the possible effects of non-point source
pollution in urban estuaries. The Exxon Valdez oil spill started as a major point source pollution
problem, but after 2 years, the pollution issue evolved to a non-point source event with long-
term persistence and impacts. This has further fueled the controversy between industry and
agency researchers. The genera goal of thisreport isto summarize the findings of all the Exxon
Valdez Qil Spill (EVOS) pink salmon studies, give the basic results from the two groups of

studies, and comment on the conclusions of the two different groups of researchers.
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A. PINK SALMON STUDIESARE CONTROVERSIAL

The bulk of the studies of pink salmon following the EVOS fall into two categories; those
contracted by Exxon, and those funded by the EV OS Trustee Council as part of either the Natural
Resource Damage Assessment or the Restoration Programs. In some instances, these studies
agree, but in several cases, especialy the areas involving effects on various life stages, similar
studies, but with different experimental designs, have led to differing findings and conclusions.
Studies have examined both short and long-term effects, and disagree on the extent of the
damage, and even to the existence of damage to pink salmon. Several studies examine the same
issue but were seldom conducted identically. Consequently, most of the research effort is more
complimentary and open to differences in interpretation. It isour goal to: 1) review and present
the information in away that will permit the reader to form an opinion asto theredl, if any,
effects of the EVOS on Prince William Sound pink salmon, and 2) call the reader’ s attention to

the potential for damage from low-level, non-point source pollution of urban estuaries.

B. IMPORTANCE OF PWSPINK SALMON

Returns of wild pink salmon to PWS have ranged from 1.8 to 21.0 million since 1978 (Bue et al.,
1996). Wild pink salmon are amajor component of the PW'S ecosystem and, with hatchery pink
salmon, are the dominant contributor to the region’s commercial fisheries (Figure 1). In
1989,1990, and 1991 wild pink salmon contributed 24%, 29%, and 19% respectively to the total
PWS pink salmon catch; total catch ranged from 24.5 to 44.9 million fish (Sharr et al., 1995).
Due to the importance of PWS wild pink salmon, many studies were conducted following the
EVOS. Studies were conducted to assess the impact of the spill on pink salmon life cycle stages,

aswell asto assess effect at the population level.
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C. PINK SALMON LIFE CYCLE

Dueto their life history cycle (Figure 2), pink salmon were considered to be especially at risk
from the ail spill for two reasons: (1) pink salmon spawn in the intertidal reaches of streams,
including the area known as the “ bathtub ring,” where the heaviest strandings of oil occurred, and
(2) pink salmon emerge from the spawning gravels and migrate immediately to the potentially
oiled estuaries for their initial feeding and growth. Approximately 75% of PWS pink salmon are
intertidal spawners (Helle et a., 1964), spawning in freshwater reaches of streams at low tide.
Spawning occurs from mid-July through September. Eggs deposited in the intertidal gravels
hatch between late October and December, and alevins continue to incubate in gravel until about
April. Following emergence, fry move immediately into the marine environment, where they
feed initially in nearshore waters before they migrate to open ocean. Unlike other Pacific salmon,
the life cycle of pink salmon is two years, with approximately 14-15 months in seawater. Hence,

there is an even-year stock and an odd-year stock for each stream.

D. OIL INTHE ENVIRONMENT OF PINK SALMON

Oil intheintertidal pink salmon spawning habitat was not anticipated at the time of the spill; the
oil exposure issue is complex and has several parts, each of which has led to a series of
misunderstandings. First, many researchers did not perceive that stranded oil along the shoreline
could impact streams with intertidal spawning habitat. Oil floats, so little or no effort was
exerted in the years immediately after the spill to define oil persistence and availability to pink
salmon embryos and aevinsin the gravel of freshwater spawning streams. Second, before the
oil spill, oil toxicity studies focused on short-term tests with 1- and 2-ringed aromatic
hydrocarbons. Larger 3- and 4-ringed compounds were known to be more toxic, but they were

aso less available and less damaging in short-term tests.  Historically there was areliance on
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short-term acute toxicity literature from the 1970s to define and predict the sensitive life stages
and the toxic fractions of concern; long-term exposures were not believed to be a significant
problem following spills. Consequently, most studies following the spill were designed to

focus on short-term toxicity issues.

E. LIFECYCLE STAGESPOTENTIALLY EXPOSED TO EXXON VALDEZ OIL

The EVOS occurred in late March, before fry emerged from PWS stream bed gravel. Hatched
1988-brood larvae with alittle yolk, called alevins, were near the end of their development in the
spawning redds of streams. Within several weeks of the spill, they finished consuming their
yolks, emerged from the stream gravels, and migrated immediately into nearshore estuaries. First
feeding and early growth was near shore, and within a month, fry moved offshore and continued
their migration through the sound to the open ocean. Exposures could have occurred to alevins
in the streams, or to fry early during their stay in the near shore environment, and decreased
thereafter.

For 1989 brood, potential exposure began when the returning adults appeared in the Sound
in July. Adults spawned in August or September, and the early embryonic stages were
potentially exposed to intermittent doses of oil for along time. Residual oil decreased in
succeeding years, and exposures would presumably be less in succeeding brood years.  Short-
term effects on fry and growth were most likely from the 1988-brood fish emerging in 1989
during the peak of the spill, whereas long-term effects from chronic exposure were most likely to

the 1989-brood fish, and possibly in later brood years.

F. SEQUENCE OF REVIEW

In order to better enable the reader to compare conflicting methodol ogies, data, results, and
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conclusions, we separate our presentation into the following areas of discussion: (1) short-term
effects on fry growth and mortality during marine exposure in 1989 and 1990, (2) long-term
effects on embryos and alevin development from residual oil in stream deltas, (3) laboratory
testson sensitivities of embryos, (4) the significance of these studies to PWS, and (5) the
significance to urban estuaries. In the review of short and long-term effects, the availability of
oil will be presented for those life stages impacted, along with the perspectives of both Exxon

and government researchers.
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II. SHORT-TERM EFFECTS ON MARINE SALMON FRY

At the time of the spill, fry were beginning to emerge from the spawning gravels, feed along the
shoreline, and out-migrate through the spill area. There were two immediate concerns: (1) fry
were reportedly the most sensitive life stage to short-term acute oil exposures, particularly when
in seawater (Moleset a.,1979), and (2) the threat from an acute exposure was considered
significant, given the volume of spilled oil in the migration pathway, particularly in north facing
bays. In addition to direct effects on fry from the oil were the concerns that growth of fry in the
early weeks could be affected. Thiswas a considerable concern becauseit is often the success, or
the lack of success, in the first few weeks of marine survival that determines the success of a year
classin pink salmon (Parker, 1971, Heard, 1991; Mortensen et al., 2000). Interruptionsin early
feeding affect size and growth; small fish are targeted by predators with a net decrease in
populations. Damage assessment studies focused on the threat from exposure directly to oiled
water, growth of hatchery and wild fry, contamination, and the subsequent effects on the

returning populations after the spill.

A.DEPOSITION AND AVAILABILITY OF OIL TO PINK SALMON FRY

The rupture of the T/V Exxon Valdez hull occurred under calm sea conditionsin PWS. Nearly
42 million liters of crude oil was carried slowly with the prevailing currents in a southwesterly
direction. Within 3 days, a strong northerly wind moved the ail rapidly through the southwest
passages of the sound toward the northwestern Gulf of Alaska. Hundreds of kilometers of
beaches in southwestern PWS were contaminated with Exxon Valdez oil (EVO). An estimated
20% of the spilled oil evaporated, and 40% of the oil mass coated the intertidal areas of PWS
(Wolfe et al., 1994); some of these areas surrounded or were in the near vicinity of, pink salmon

spawning streams. Approximately 31% of identified PWS pink salmon spawning streamsin the
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southwest district were oiled to some extent (Geiger et a., 1996). About 14% of the EVO was
recovered by cleanup operations; however, by the fall of 1992 an estimated 2% of the spilled ail
mass (800,000 liters of oil) remained on the beaches of PWS (Wolfe et a., 1994; Spieset d.,
1996). Except for relatively unweathered oil found protected by overlying mussel beds or
beneath the surface on large cobble or boulder beaches (Babcock et a., 1996; Harris et a., 1996;
Brodersen et al., 1999), the bulk of the remaining oil was somewhat weathered. Surface
exposed oil continued to weather significantly with time; subsurface oil weathering was variable
but much slower than exposed ail.

The spread of the spilled oil in PWSin 1989 resulted in the potential for exposure of pink
salmon life stages. Qil in the water column, or present as small particulates, and oil-
contaminated food was available to contaminate pink salmon fry during their early marine
migration. Thisthreat to a potentially acute exposure was the primary concern of researchers

for pink salmon during the first two months of the spill.

(2) Oil In TheWater Column: Acutely toxic concentrations of oil in the water column were
not found in the first month following the spill, much to the surprise of many researchers that
saw the magnitude of the spill and were familiar with the toxicity levels reported in the literature
of the 1970s and 1980s. Short and Harris (1993,1996b) found that low concentrations of
polynuclear aromatic hydrocarbons (PAH) at shallow depths (1 and 5 m) were pervasive within
the dlick trgjectory inthefirst 6 weeks of the spill; PAH composition was similar to EVO.
Concentrations of PAH in water sampled adjacent to heavily oiled beaches ranged from 1.26 to
6.24 ppb and were usually higher at 1 m than 5 m depth, but not always. Neff and Stubblefield
(1993) found surface PAH concentrations as high as 30 ppb, although most of their
measurements were deeper and later than Short and Harris, and most of their measured
concentrations of PAH were lower than the Short and Harris measurements. The 96-h LC;, of

WSF for pink salmon range from 1,500 to 8,000 ppb depending on life stage, salinity, and type of
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exposure (Riceet d., 1977, 1979; Moles et a., 1979; Korn and Rice, 1981). All measured PAH
concentrations were well below concentrations found to be acutely toxic during 28-d exposures
of marine faunato water-soluble fractions (WSF) (Moles, 1998).

When comparing oil studies, it is essential that the composition of the oil fraction in the
study be known, as well as the concentration. The lab studies of the 1970s and 1980s typically
used a WSF composed primarily of 1-2 ringed aromatic hydrocarbons. In the EVOS
measurements, both Short and Harris (1993, 1996b) and Neff and Stubblefield (1993) measured
PAH in the water column, not WSF; hence, the composition was different from that reported in
WSF studies. Concentrations of PAH cannot, and should not, be compared to WSF LCs,
because the 3- and 4-ringed compounds are 10-1000 times more toxic than the 1-2 ringed
aromatic compoundsin WSF (Black et a., 1983). Most of the literature before the spill
indicated short-term acute effects of WSF as the most likely route of exposure to fish because of
their relative solubilities in water and thus, their availability to organisms.

Because of the mixing energy supplied by 70-knot winds about day 3-4, many were
surprised that the aqueous oil concentrations after the spill were not higher. Winds had severd
effects: they spread the ail rapidly into a much thinner layer and mixed some oil into the water
column, but they also increased the rates of removal of the more volatile light-end aromatic
hydrocarbons. By the time the oil in water was first measured, researchers began to appreciate
that this spill was not going to be an acutely toxic situation for the fauna below the surface of the
water. Dead fish were not appearing, and oil concentrations in the water column were subacute.

Oil was available to fish. PAH persisted in waters adjacent to heavily oiled beaches for long
periods (Short and Harris, 1996a), although there was a genera decrease in water PAH with time
(Short and Harris, 1996a; Neff and Stubblefield ,1993). North-facing beaches trapped the oil,
apparently serving as reservoirs of PAH which continued to re-contaminate nearshore water.
Elevated PAHs in the water column were still detectable in May 1989 and profiles were still

matching well with EVO, indicating the oil was still relatively unweathered, except for the loss
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of the 1 ringed aromatics (Short and Harris, 1996a) .

The nearshore environment was contaminated heavily by stranded oil, creating concern for
the newly emerged fry, which use the nearshore habitat for shelter and for their first feeding.
At high tide, the stranded oil was covered by shallow water and in close proximity to the fish and
their prey. Contamination of the food supply was not evaluated, but there was concern that the
fry might consume oiled prey or even mistake oil dropletsin water as food, particularly near the
shore of high-energy beaches.

The best evidence of oil availability below the surface was in caged mussel studies. Short
and Harris (1996b) deployed clean mussels at several sitesin PWS during the summer of 1989,
and found oil contamination in the tissues. These mussels were deployed in cages below the
surface, and were never exposed to oil floating on the surface. The mussels accumulated
hydrocarbons, to concentrations of 50,000 ppb PAH, indicating frequent exposure, even if
intermittent. Further, the composition of the oil in the mussel tissue was matched to EVO,

indicating that the oil was not a WSF, but acquired in particulate forms.

(2) Biological evidence of oil exposureto pink salmon fry (1989/1990): In 1989, oil globules
were found in fry stomachs, PAH were found in tissues, and P450 enzymes were induced. For
these measurements, fry were collected in four oiled and four non-oiled areas from April through
June 1989. Sturdevant et a. (1996) report the visual observation of oil globulesin the stomachs
of pink salmon fry captured at oiled sitesin 1989. Concentrations of PAH in fry tissues (Figure
3) from the four oiled areas were significantly elevated above the concentrations in reference fry
(Carlset a., 1996a). Likewise, cytochrome P4501A enzyme levels were significant in fry from
the oiled areas (Figure 3). Cytochrome P4501A enzymes are known to be induced and elevated
in vertebrates exposed to PAH, and are often used as a biomarker to indicate recent PAH
exposure history. Tissue PAH and induction of PA5S01A were both significantly greater in fry

collected from oiled areas in 1989 than in fry from reference areas of PWS. Composition of
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PAH in fry tissues were similar to PAH in EVO, indicating ingestion of oil or oiled prey, rather
than absorption from WSF (which would not have matched the EV O fingerprint). In a separate
study, Willette (1996) reported that cytochrome P4501A induction also occurred in hatchery-
released pink salmon fry, captured within afew weeks of releasein oiled areasin 1989. 1n 1990,
pink salmon fry exposure to oil was reduced markedly.

Carlset al. (1996a) collected four sets of fry samples from the same eight areas between
April and June 1990. Unlike the 1989 fry samples, no significant differencesin tissue PAH or

PA4501A induction were noted in the fry collected from oiled and un-oiled areas in 1990.

B. FRY MORTALITY AND GROWTH IN SALTWATER: 1989 AND 1990

Qil in the marine environment can affect salmon fry in avariety of ways. Oil WSF can be
acutely toxic in the short-term (Rice et al., 1975, 1984); it can affect metabolism, reduce growth
(Riceet d., 1975), and damage olfactory lamellar surfaces (Babcock, 1985). Reduced growth of
salmon fry has been noted due to direct exposure to WSF (Moles and Rice, 1983), contamination
of prey by WSF (Schwartz, 1985), and by direct ingestion of crude oil (Carlset a., 1996b). Due
to the known effects of oil on salmon fry, and the emergence and migration of pink salmon fry at
the approximate time of the EVOS, several studies wereinitiated immediately after the spill to

monitor the consequences of the EV O to pink salmon fry.

(1) Fry mortality: Direct fry mortality was not reported by any of the scientists studying the
effects of the EVOS on pink salmon. Thisis not surprising, for the water concentrationsin the
first few weeks were much less than the lethal concentration reported for acute, short-term
exposures. Pink salmon fry are also reported to move rapidly from protected bays to migration
corridors (Wertheimer and Celewycz, 1996), and if there were mortalities, they would be difficult

to observe. Predation on moribund fry would be expected to be high, also making it improbable
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to find direct mortalities, even if they did occur.

(2) Growth Of Pink Salmon Fry: Several studies were conducted, beginning shortly after the
spill, to monitor the effect of the oil on the growth rate of pink salmon fry in seawater. Growth
rates of pink salmon fry aretypically fast in the first few weeks after emergence; thisisacritical
time that can have alarge impact on population numbers. Fry are heavily preyed upon and
depend on fast growth rates to grow out of the predator-susceptabl e fish sizes (Parker, 1971,
Heard , 1991; Mortensen et al., 2000). Growth reductions reported in 1989 are debated by Exxon
and government researchers. 1n1990, early marine growth of fry was not affected by the low
concentrations of oil which remained ayear after the spill (Wertheimer and Celewycz, 1996).
Brannon et al. (1995) monitored marine fry growth in two oiled areas over a 15-d period
in May-June 1989. However, they did not compare growth of fry from contaminated bays with
fry from reference areas, but with expected growth rates (Figure 4). On the basis of calculated
fry growth, they concluded that fry growth in oiled areas was normal and would have been
predicted on the basis of temperature and date. These growth rates indicate there was no
catastrophic effect, but without measurements of growth in non-oiled fry from non-oiled areas,
the study lacks the ability to state there was no oil effect on growth. Government researchers
(Wertheimer and Celewycz, 1996), on the other hand, measured growth of fry captured in both
oiled and non-oiled areas of PWS; they did not depend on calculated projections of growth.
Wertheimer and Celewycz (1996) reported less growth of pink salmon wild fry recovered
from nearshore waters in oiled areas between 10 April and 26 June 1989 than in fry from
reference areas (Figure 4). No difference was noted in fry growth when fry were captured in
bays, but differences were noted in fry captured in oiled migration corridors in 1989 compared to
non-oiled corridors. It was suggested that fry spend little time in protected bays before they
move into migration corridors, consequently, there is little opportunity to detect differencesin fry

growth between oiled and reference bays. Wertheimer and Celewycz (1996) also report that pink
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salmon fry were more abundant in non-oiled areas than in oiled areas in both 1989 and 1990, but
they attribute the difference to geographic differencesin fry production and migration.

Willette (1996) measured decreased growth in hatchery pink salmon fry collected in oiled
areas than in fry captured in un-oiled areas, even though all the fry were released from hatcheries
at known dates and tagged with coded-wire tags (CWT) (Figure 4). Fry were released from the
hatchery in May and June 1989 and sampled from the third week of May until the beginning of
July. Tagged fry recovered in 1989 from moderately oiled areas were significantly smaller than
tagged fry, of the same hatchery groups, recovered from non-oiled or lightly oiled areas.
Depressed fry growth in 1989 coincided closely with significantly greater induction of
cytochrome P4501A in these fry. Unlike the wild fry, release dates and sizes of the hatchery fry
are known, and growth rates can be measured accurately; there can be little doubt of an effect of
oil on growth rates.

Government researchers report PAH exposure to wild pink salmon fry in 1989 on the basis
of PA501A induction, tissue hydrocarbon concentrations, and oil droplets seen in fry stomachs
and intestines. Reduced growth of exposed wild fry in 1989 is attributed to the oil exposures.
Exxon researchers, on the other hand, report no effect on the growth of fry taken from oiled
areas. Studies overlapped somewhat in sampling time and sampling area, yet investigators
report different results. Sampling gear was different for the two groups thus, slightly different
habitats were sampled, and although sampling times did overlap, they were not identical. The
major difference between the growth studies in 1989, however, was the lack of controlsin the
Exxon study by Brannon et al. (1995). Industry researchers did not sample fish from non-oiled
areas, and their determination of growth was based solely on calculated values.

In 1990, no government or Exxon study found growth rate differences. 1n 1990, Brannon et
a. (1995) modified their study design, and sampled four oiled bays and four reference bays for
fry growth. They concluded there were no differencesin the growth rate of the groups. All

sampled fry were captured with a surface trawl within bays. Wertheimer and Celewycz (1996)
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also report no effect on growth of marine fry in 1990. They collected fry from nearshore waters
in 2 bays and from 2 migration corridors of both oiled and reference areas, April-June 1990. No
differences in growth were noted in fry from either bays or migration corridorsin 1990. Growth
rates of hatchery-released fry captured in moderately oiled areas in 1990 were not significantly
lower, but were marginally lower in 1991 (Willette, 1996). In 1990, biologica evidence of oil
contamination in fry was not found.

The mechanism of decreased growth is probably related to energy expenditures needed to
deal with the toxic exposure. In lab tests, decreased growth in pink salmon fry occurs at 33% of
the LC,, (about 0.4 ppm) after 40 days of exposure to WSF (Moles and Rice, 1983). The higher
the concentration of ail, the greater the observed reduction in growth. Juvenile pink salmon
exposed to nearly lethal levels of WSF do not grow (Moles and Rice, 1983). Carlset al. (1996b)
found significant reductions in pink salmon fry growth when exposure was via food
contaminated with North slope crude oil. Significant reductions were reported when oil
concentrations were as low as 1.3% of the LC,,. Thisisalower percent of the LC, than reported
by Moles and Rice, but Carls et al. used a more toxic PAH fraction that included 3- and 4-ring
PAH. The concentration of WSF that affects growth in pink salmon is the same concentration
that increases respiration rates (Thomas and Rice, 1979, Moles and Rice, 1983), suggesting
energy for growth is diverted to hydrocarbon metabolism and excretion. PAH effects on growth
have been measured in other salmonidsaswell (Moleset al., 1981, Vignier et a., 1992).

Food availability or consumption was not interrupted (Sturdevant et al., 1996) and was not
related to the decrease in pink salmon fry growth in 1989. Fry captured in oiled areas consumed
as much food as those taken from reference areas. Oil globules or oil sheen were observed in
stomachs of fry captured at oiled sites. The observation of oil associated with the stomachs of fry
in oiled areas, but not reference area fry, suggests that ingested oil is a route of hydrocarbon
contamination. In laboratory studies, WSF and crude oil-contaminated food reduced growth and

feeding at high doses (Schwartz, 1985; Carlset a., 1996b). However, at lower doses,
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consumption of oil-contaminated food reduced growth without lowering food consumption in
both pink salmon and Atlantic salmon Salmo salar by reducing food-conversion efficiency
(Vignier et a., 1992, Carlset a., 1996b). Riceet al. (1977) suggested that energy demands
imposed due to PAH metabolism may remain elevated during the period of hydrocarbon
depuration. It isthus probable that ingestion of oil from contaminated environmentsin PWS

resulted in decreased growth rate without a decease in food consumption.

(3) Growth And Tissue PAH Loads. Decreased growth of fish exposed to oil has been
demonstrated in severa studies, but the comparison of tissue loads in the lab and field tests by
Carlset al. (19964, b) indicate that the field exposuresin oiled areas of PWSin 1989 were likely
to have had significant effects on growth (Figure 5). Pink salmon fry fed low and moderate
levels of oil had decreased growth (Carls et al., 1996b), similar to the decreases in growth of fry
from oiled areas of PWS (Wertheimer and Celewycz, 1996). Further, the lab exposed fry had
tissue PAH levels similar to fry collected in oiled areas of PWSin 1989 (Carls et al., 1996a).
These observations are strong support for an oil caused effect on growth in wild fry in PWSin
1989.

Exxon researchers argue for no ail effect on fry in 1990 because fry condition was good
(Brannon et a., 1995). Government researchers do not argue for an oil effect in 1990, but use of
condition factor for support of an effect is probably not appropriate. Condition factor (ratio of
weight to length) is sometimes used as a diagnostic measurement when assessing fish health
during development, but it is of questionable value when used to assess toxic effects. Carlset a.
(1996b) found pink salmon juveniles that ingested low and moderate dosages of crude oil-
contaminated food had similar or higher condition factors than control fish, even though growth
was reduced at those dosages (Figure 5). In PWS, growth of pink salmon fry was reduced in
1989 (Wertheimer and Celewycz, 1996), but condition factor was higher in 1989 and 1990 in fry

from the oiled than from the non-oiled areas. Condition factor is not a sensitive measure of toxic
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effectsin lab or field tests with ail.

(4) Significance of growth effectsat the population level: Geiger, et a. (1996) estimate that
1.9 million wild adult pink salmon did not return to PWS in 1990, due primarily to increased
predation caused by alack of growth of fry in the nearshore environment in spring of 1989. They
estimate that this loss accounts for approximately 28% of the potential wild-stock production
from the southwestern part of the Sound returning in 1990. However, the total regional returns
to all of PWS (hatchery pluswild, and all districts within the sound) were high in 1990, and the
excellent marine survival of all fish tends to obscure the estimated losses in fish from the
southwestern district of PWS. Maki et a. (1995) point to the high levels of return to al of PWS
and conclude that the oil spill had no effect at the population level, probably atrue statement for
the entire sound, but probably not at the stream level. Although high population levels following
the spill indicates that there was no massive catastrophic effect, they are poor evidence and too
simplistic an argument for or against an oil effect. Thisline of reasoning fails to account for the
influence for interannual variation (from differing marine survival rates, hatchery production and
straying, differential removals from predation or fishing, etc.), while combining stocks that were
in the spill area with those that were in the eastern part of the sound and outside the immediate
spill area. Only about a quarter of the wild pink salmon population was located in the spill area
where significant effects were more likely.

Neither Geiger et a. nor Maki et a. measured population impacts at the stream level, where
oil effects were likely to occur in many streams from the southwestern district, where about 31%
of the streams were oiled (Geiger et a., 1996). Measuring population impacts at individual
streamsis problematic. There are too many streamsin PWS to manage the fisheries on an
individual stream basis hence, there was no way to estimate the impacts at the individual stream.
This problem is exacerbated further by straying, which was found to be considerable following

the spill. Pink salmon straying levels, whether caused by oil in the environment or natural, were
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measured in several streams 1989-91 (Sharr et al., 1995). Straying by hatchery and wild fish was
greater than anticipated, and when straying rates are as high as 50%, they can mask poor returns
of adults originating from that stream. In an extensive and statistically rigorous study,
Wertheimer et al. (2000) found no evidence that these high rates of straying were attributable to
oil exposure of incubating salmon eggs.

The estimates by Geiger et al. (1996) of non-returning fish, based on poor fry growth in
1989, are probably valid. The observations by Maki et al. (1995) that there were no regional
popul ation impacts cannot be proved, because the region consists of hundreds of non-impacted
streams intermixed with oiled streams and interannual variation was not taken into account. Any
impacts at the individual stream level were masked by the general decadal trend in high survival

rates of fry and by the high rates of straying by hatchery and wild fish.

C. RECONCILIATION OF DIFFERING GROWTH RESULTS

Exxon researchers report no effect of the EVOS on pink salmon growth, whereas government
researchers report significant growth effects. Certainly there was no catastrophic effect on
growth and early mortality, but the more subtle effects on growth would require rigorous designs
to detect effectsin 1989. Government and Exxon designs differed significantly and form the

basis of interpretation differences between the two research groups.

(1) Design: First, Brannon et a. (1995) sampled only contaminated areas in 1989, and
compared the observed growth rates to calculated expected values, rather than to controlsin non-
oiled areas. Thiswould be sufficient to detect catastrophic effects on growth, but not subtle
differences between oiled and un-oiled areas, nor take into account variance associated with
interannual differences. This contrasts sharply with the studies by Wertheimer and Celewycz

(1996) and of Willete (1996), where growth of fry from oiled and un-oiled areas were compared
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and found to differ. Wertheimer and Celewycz measured apparent growth rates by measuring the
mean Ssizein agiven environment over time that mean may have been affected by immigration of
later emerging fry, but the means changed more slowly in the oiled environments. Willette
(1996) found results similar to those of Wertheimer and Celewycz while comparing growth rates
of CWT hatchery fry of known size and age and collected in oiled and unoiled areas. By 1990,
Brannon et al. (1995) had modified their design, and like the government researchers, found no
effect on growth after the first winter, when stranded oil along the shorelines had been reduced
greatly.

Second, the sampling designs of the two groups were dlightly different and may play arole
in the differences. Wertheimer and Celewycz (1996) sampled fry nearshore in both oiled and
non-oiled areasin 1989 and 1990. Brannon et al. (1995) sampled fry offshore, where the fish are
dightly larger. Studies conducted before EV OS (see review by Heard, 1991) revealed that pink
salmon fry need to reach a critical size threshold before moving offshore. Brannon et al. (1995)
sampled fry offshore, thereby sampling fry that met a specific size criterion. They would be
unlikely to sample fish in the offshore environment with poor growth rates, for these fry would
not have reached the critical minimal size for offshore migration. The fry sampled by
Wertheimer and Celewycz (1996) from the nearshore environment had not yet reached

appropriate size for offshore migration.

(2) Exxon ResearchersArgue For No Population Effect From Decreased Fry Growth:
Exxon researchers point to the high salmon runs of 1990 through 1991 and argue for no
population effect of the EVOS on pink salmon (Maki et a., 1995). On the other hand, the model
suggested by Geiger et a. (1996) predicts significant population effects. Certainly marine
survivals were outstanding in the region, and in the rest of the state, and these excellent marine
survivals tend to mask the impacts of the spill. Further, only afraction of the total areawas

impacted by the spill, probably less than one fourth of the PWS production was exposed asfry in
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the first few weeks of the spill; hence, the impacted fish were diluted with substantial numbers of
fish from the PWS region with little or no exposure. Maki et a. aso report that no correlation
exists between escapement densities and PAH concentrations in the spawning streams.

Straying studies indicate that hatchery strays can account for up to 50% (Sharr et a., 1995)
and up to 97% (Joyce and Evans, 1999) of the escapement to individual streams; hence, their
survival could easily mask the wild escapement to a particular stream and preclude any
measurement of an oil effect. Aswith any environmental experiment, there are multiple
variables, and precise estimates of missing fish is a complicated and clouded issue, but the
weight of the evidence indicates that fewer fish returned to oiled streams even though there were

high returns to the region.

D. CONCLUSIONS

Fry entering and migrating through oiled areas were exposed to oil and apparently suffered
decreases in growth rate, and populations on alocal level were affected. Wild and hatchery pink
salmon fry were exposed to EVO in 1989 as evidenced by tissue PAH concentrations and
induction of P4501A (Carlset a., 1996a; Willette, 1996), and oil globules observed in the
stomachs of fry (Sturdevant, et a., 1996). The primary route of exposure appears to have been
through ingestion, as supported by the oil globules observed in the gut, and by the composition of
oil in the tissues having the fingerprint of EV O, which could not occur with merely a WSF.
Further, the concentrations of oil i